administration of the neurotoxin bombesin-saporin reduces or abolishes pruritogenevoked scratching behavior. We investigated whether spinal neurons that respond to intradermal (ID) injection of pruritogens also respond to spinal superfusion of bombesin and vice versa. Single-unit recordings were made from superficial lumbar spinal dorsal horn neurons in anesthetized mice. We identified neurons with three search strategies: 1) ID injection of the nonhistaminergic itch mediator chloroquine, 2) spinal superfusion of bombesin, and 3) noxious pinch. All units were tested with an array of itch mediators (chloroquine, histamine, SLIGRL, BAM8-22), algogens [capsaicin, allyl isothiocyanate (AITC)], and physical stimuli (brush, pinch, noxious heat, cooling) applied to the hindlimb receptive field. The vast majority of chloroquine-responsive units also responded to bombesin. Of 26 chloroquine-sensitive units tested, most responded to SLIGRL, half responded to histamine and/or BAM8-22, and most responded to capsaicin and/or AITC as well as noxious thermal and mechanical stimuli. Of 29 bombesinresponsive units, a large majority also responded to other itch mediators as well as AITC, capsaicin, and noxious thermal and mechanical stimuli. Responses to successive applications of bombesin exhibited tachyphylaxis. In contrast, of 36 units responsive to noxious pinch, the majority (67%) did not respond to ID chloroquine or spinal bombesin. It is suggested that chloroquine-and bombesin-sensitive spinal neurons signal itch from the skin.
ITCH IS an all-too common symptom of many skin and systemic diseases that negatively impacts the quality of life. Chronic itch associated with atopic dermatitis has been estimated to exact socioeconomic costs exceeding $3 billion annually in the US (NIAMS 2009 ). Most cases of chronic itch are poorly treated by antihistamines, and a better understanding of the underlying neural mechanisms of itch is required to develop more effective evidence-based treatments.
Recent studies implicate gastrin-releasing peptide (GRP) as a neuropeptide transmitter released from intraspinal terminals of primary afferent pruriceptors (Liu et al. 2014; Sun et al. 2009; Sun and Chen 2007) , or from excitatory spinal interneurons (Mishra and Hoon 2013) , to excite superficial spinal dorsal horn neurons expressing the GRP receptor (GRPR) that in turn signal itch to higher levels of the nervous system. GRP is a mammalian homolog of bombesin, a 14-amino acid peptide from frog skin that acts at the three known bombesin receptors, one of which is GRPR (also known as BB2) (Jensen et al. 2008) . Intradermal (ID) (Andoh et al. 2011 ) and intrathecal (IT) injection of GRP (Mishra and Hoon 2013; Sukhtankar and Ko 2013; Sun et al. 2009 ) elicited itch-related scratching behavior in mice and excited a small subset of rat dorsal horn neurons (Koga et al. 2011) . Importantly, destruction of superficial dorsal horn neurons by IT delivery of the neurotoxin bombesin-saporin reduced or abolished pruritogen-evoked scratching behavior (Liu et al. 2014; Mishra and Hoon 2013; Sun et al. 2009 ), implicating GRPR-expressing spinal neurons in signaling itch.
A subset of neurons in the murine superficial dorsal horn respond to ID injection of histamine and a variety of nonhistaminergic pruritogens such as serotonin and SLIGRL (reviewed in Akiyama and Carstens 2013). Recent studies have implicated three of the family of Mas-related G protein-coupled receptors (Mrgprs) (Dong et al. 2001) , namely, MrgprA3, C11, and D, in peripheral itch transduction (Liu et al. , 2012 Wilson et al. 2011) . MrgprA3 is activated by the antimalarial drug chloroquine, which often elicits itch in patients (Mnyika and Kihamia 1991) and scratching behavior in rodents (Akiyama et al. 2012a (Akiyama et al. , 2012b Inan and Cowan 2004; Liu et al. 2009; Wilson et al. 2011) . Chloroquine excites superficial dorsal horn neurons, consistent with their proposed role in mediating itch (Akiyama et al. 2012b (Akiyama et al. , 2014 . Because GRPR-expressing spinal neurons have been implicated in signaling itch, the first aim of the present study was to investigate whether spinal neurons responsive to cutaneously delivered pruritogens also respond to intraspinal delivery of bombesin. Conversely, we also tested whether bombesin-sensitive spinal neurons respond to cutaneous delivery of pruritogens. A second aim was to assess the relative proportions of pruritogensensitive and -insensitive nociceptive neurons in the superficial dorsal horn. To this end, we investigated whether neurons identified by their response to a noxious pinch search stimulus additionally respond to pruritogens.
METHODS
The procedures used in this study were approved by the UC Davis Animal Care and Use Committee. Adult male C57BL/6 mice (20 -32 g) were anesthetized with pentobarbital sodium (60 mg/kg ip) and prepared for single-unit recording from the lumbosacral spinal cord as described previously (Akiyama et al. 2014) . Briefly, a laminectomy exposed the lumbar spinal cord for introduction of a tungsten microelectrode to record extracellular action potentials. With a gravitydriven perfusion system, the spinal cord was continually superfused with artificial cerebrospinal fluid (ACSF) consisting of (in mM) 117 NaCl, 3.6 KCl, 2.5 CaCl 2 , 1.2 MgCl 2 , 1.2 NaH 2 PO 4 , 25 NaHCO 3 , and 11 glucose, equilibrated with 95% O 2 -5% CO 2 at 37°C. Unit activity was amplified and digitally displayed with PowerLab (AD Instruments, Colorado Springs, CO) and Spike2 (CED, Cambridge, UK) software. In the vast majority of experiments only one unit was recorded in a given animal. On rare occasions, a second unit was recorded on the opposite side of the spinal cord.
Units were isolated with one of three separate search strategies as described below.
To identify units responsive to ID chloroquine, a small ID microinjection of chloroquine (ϳ0.25 l, 100 g/l) was made in the hindpaw and the microelectrode was inserted into the superficial dorsal horn to isolate an action potential exhibiting ongoing firing. After activity waned, a second ID microinjection (1-l volume) of chloroquine was made. Units exhibiting a substantial (Ͼ30%) increase in the number of action potentials recorded over a 60-s period were considered to be responsive and were tested further. As noted further below, units were subsequently tested with vehicle. Only those units whose response to chloroquine was Ͼ30% greater than their response to vehicle were included in the final data set. Additional testing included the following. The cutaneous receptive field was mapped with graded von Frey monofilaments, cotton, brush and pinch stimuli, and noxious heat (to 54°C) and cooling (to 4°C) delivered by computer-controlled Peltier thermode. Units were categorized as either wide dynamic range (WDR) type if they exhibited graded, increasing responses to innocuous vs. noxious mechanical stimuli or nociceptive specific [high threshold (HT)] if they were only activated by noxious levels of mechanical and/or thermal stimulation. Units were then tested with spinal superfusion of bombesin as described below. After that, units were additionally tested with the following chemical stimuli: ID histamine (50 g/1 l), ID BAM8-22 (100 g/1 l; MrgprC11 agonist), ID SLIGRL-NH 2 (50 g/1 l; PAR-2/MrgprC11 agonist), topical allyl isothiocyanate (AITC; 75% in 2 l; TRPA1 agonist), ID capsaicin (30 g/1 L; TRPV1 agonist), and vehicles (ID saline, ID 7% Tween 80, topical mineral oil).
To identify bombesin-responsive units, the ACSF superfusion solution was replaced with ACSF containing bombesin (40 g/ml; 10 ml/min) that was delivered to the spinal cord for 1 min, followed by application of ACSF alone. The microelectrode was positioned to isolate an action potential exhibiting ongoing firing. After activity waned, ACSF containing a higher concentration of bombesin (200 g/ml) was superfused over the spinal cord for 3 min. This concentration was determined in pilot experiments in which we tested a range of bombesin concentrations (20 -200 g/ml) based on the concentration range of bombesin that elicited scratching behavior after IT injection (Gmerek et al. 1983 ). Units exhibiting a Ͼ30% increase in firing were studied further. They were first tested for responsiveness to ID chloroquine, followed by mechanical, thermal, and chemical stimuli as described above.
To identify nociceptive neurons, the recording microelectrode was positioned to isolate single units responding to brief noxious pinch stimuli delivered to the hindpaw. Units were then tested for responsiveness to bombesin superfusion, ID chloroquine, and additional stimuli as described above.
In some experiments, responses to successive ID injections of chloroquine, or spinal superfusions of bombesin, were recorded to test for tachyphylaxis.
For each group of neurons, the mean firing rate was averaged over 1-min periods before and immediately after each stimulus and compared by paired t-tests or one-way analysis of variance (ANOVA) followed by post hoc Bonferroni tests, with P Ͻ 0.05 set as significant. At the conclusion of the experiment, an electrolytic lesion was made at the recording site and the spinal cord was postfixed in 10% buffered formalin. Spinal cord sections were cut and examined under the microscope to identify lesion sites.
RESULTS
Chloroquine search. Collectively, 154 dorsal horn units responsive to ID chloroquine were identified, with 44% being WDR type and the remainder (56%) HT. All units had cutaneous receptive fields on the ipsilateral hindpaw.
In the initial series of experiments, we tested 26 units selected with the chloroquine search stimulus for their responses to additional pruritogens and algogens; bombesin was not tested in these experiments. The data are summarized in Fig. 1 , which shows averaged peristimulus time histograms (PSTHs) of responses to the various stimuli tested. A minority (47%) additionally responded to histamine, while the majority (76%) responded to SLIGRL and 50% responded to BAM8-22. All units responded to noxious pinch; 31% of these responded at a lower frequency to innocuous brushing (WDR type). All units tested responded to noxious heat, and most (88%) also responded to skin cooling. The majority (67%) responded to AITC, while fewer (33%) responded to capsaicin. Unit recording sites were histologically localized to the superficial dorsal horn (Fig. 1, inset) at a mean depth of 39.8 Ϯ 10.6 (SE) m below the surface of the spinal cord.
Seven chloroquine-responsive units were retested with the same dose of chloroquine delivered at the same site 60 min after the first chloroquine injection. The second chloroquineevoked response was not significantly different compared with the first [baseline pre-chloroquine: 45 Ϯ 24.6 (SE) impulses/60 s, 1st chloroquine-evoked response 108.7 Ϯ 23.1 impulses/60 s, baseline pre-2nd chloroquine: 49 Ϯ 25.7 impulses/60 s, 2nd chloroquine: 71.3 Ϯ 24.4 impulses/60 s; P Ͼ 0.05 comparing 1st and 2nd chloroquine-evoked responses, paired t-test].
In subsequent experiments, a total of 128 units isolated with a chloroquine search stimulus were tested with spinal superfusion of bombesin, and 100 (78%) responded ( Fig. 2A) . For many of these units, additional data were collected for a separate study of the effects of spinal antagonists on ID chloroquine-evoked neuronal firing (Akiyama et al. 2014) .
Bombesin search. A total of 29 units were identified by their response to spinal superfusion of bombesin. Of these, 36% were WDR type and the remainder HT. Units were localized to the superficial dorsal horn (Fig. 3, inset) at a mean depth of 94.3 Ϯ 11.5 m below the surface of the spinal cord. Figure 3 shows mean PSTHs of responses of bombesin-sensitive units to other stimuli; the vast majority (92%) also responded to ID chloroquine, and a majority (71%) also responded to ID histamine. In addition, the majority responded to noxious heat (88%), AITC (92%), and capsaicin (92%), while very few exhibited increased firing to vehicles.
Responses to successive applications of bombesin exhibited desensitization. The mean response of nine units to a second spinal superfusion of bombesin was significantly weaker compared with the first response [baseline pre-bombesin: 15.8 Ϯ 6 (SE) impulses/60 s, 1st bombesin-evoked response: 108.8 Ϯ 32.6 impulses/60 s, baseline pre-2nd bombesin: 10.4 Ϯ 6.1 impulses/60 s, 2nd bombesin-evoked response: 60.2 Ϯ 26.1 impulses/60 s; P Ͻ 0.05 comparing 1st and 2nd bombesinevoked responses, paired t-test].
Pinch search. A total of 36 units were identified with a pinch search stimulus (69% WDR, 31% HT). They were located in the superficial dorsal horn at a mean depth of 87.5 Ϯ 9.8 m below the surface of the spinal cord. Of these, 21% responded to ID chloroquine and 27% responded to bombesin (of which 15% also responded to chloroquine), while 67% responded to neither chloroquine nor bombesin (Fig. 2C ). Units were also tested for thermal responses, with 56% responding to noxious heat and 28% to cooling.
Comparison among groups. It is of interest to compare the magnitude of responses (peak firing rate) among units identified by chloroquine, bombesin, and pinch search strategies. The mean peak responses to bombesin were not significantly different in the bombesin ϩ pain (i.e., bombesin and pinch sensitive) group compared with the itch ϩ pain ϩ bombesin (i.e., chloroquine, pinch, and bombesin sensitive) group [30.8 Ϯ 13.6 (SE) vs. 4.8 Ϯ 1.4 impulses/s]. There was no significant difference in the mean peak responses to pinch between bombesin-responsive and bombesin-insensitive neurons (pinch: 16.1 Ϯ 1.7 vs. 17.1 Ϯ 5.4 impulses/s). In contrast, the mean peak response to chloroquine was significantly greater in bombesinsensitive compared with bombesin-insensitive units (12.7 Ϯ 1.2 vs. 9.1 Ϯ 1.2 impulses/s). We also compared responses of bombesin-sensitive units to chloroquine and AITC. Again, there were no significant differences among the mean peak responses to bombesin (11.3 Ϯ 2 impulses/s), chloroquine (13.1 Ϯ 2.7 impulses/s), or AITC (17.5 Ϯ 4.3 impulses/s).
DISCUSSION
In the present study we employed three different search strategies to identify spinal neurons involved in signaling itch and/or pain. To identify putative itch-signaling neurons, we searched for units responsive to ID chloroquine as well as units responsive to spinal superfusion of bombesin. It should be noted that these search strategies were highly biased and selected only chloroquine-or bombesin-sensitive units. Most chloroquine-responsive units also responded to bombesin, and vice versa, and nearly all of these units also responded to the algogens AITC and/or capsaicin, consistent with previous 2 . Incidence of responsiveness of units to chloroquine ("itch"), noxious pinch ("pain"), and spinal superfusion of bombesin. A: units selected with chloroquine search stimulus. All units also responded to pinch, and 78% responded to bombesin. B: units selected by response to spinal superfusion of bombesin. All units additionally responded to pinch, and 96% also responded to intradermal (ID) chloroquine. C: units selected with pinch search stimulus. Of these, 21% also responded to chloroquine and 27% responded to bombesin. studies (Akiyama and Carstens 2013). We used a pinch search stimulus to identify nociceptive neurons. Two-thirds of the units identified by the pinch search stimulus did not respond to either chloroquine or bombesin, consistent with our previous report that 59% of trigeminal subnucleus caudalis (Vc) units identified by an AITC search strategy did not respond to histamine or other pruritogens (Akiyama et al. 2010) . Our data are generally consistent with a recent study in which the unbiased method of antidromic stimulation was used to identify trigeminothalamic projection neurons in rats (Moser and Giesler 2014) . In this latter study, 56% of trigeminothalamic units that responded to noxious mechanical stimuli also responded to one or more pruritogens. In another study of antidromically identified spinothalamic tract neurons in monkeys, 20% responded to ID histamine and 13% to cowhage (Davidson et al. 2012) . Overall, these studies indicate that ϳ33-56% of nociceptive spinal and trigeminal dorsal horn neurons respond to pruritogens.
The summary diagram (Fig. 4) shows considerable overlap of bombesin-and chloroquine-responsive units, with most or all pruritogen-sensitive neurons also responding to algogens. We speculate that the chloroquine-and bombesin-sensitive units signal itch sensation and that pruritogen-insensitive nociceptive neurons signal pain. Consistent with this idea, the mean chloroquine-evoked response was significantly greater in bombesin-sensitive compared with bombesin-insensitive units. Surprisingly, the mean bombesin-evoked response was numerically larger in chloroquine-unresponsive compared with chloroquine-sensitive units identified by pinch. However, it is possible that the chloroquine-unresponsive units might have responded to other pruritogens had they been tested. It should also be noted that only a minority of units identified by pinch additionally responded to either bombesin or chloroquine. Because pruritic and algesic stimuli excite overlapping neuronal populations, itch and pain may occur simultaneously. Discrimination between itch and pain may depend on the relative level of activity in the two subpopulations.
Recent studies suggest that itch and pain may be mediated via distinct labeled-line pathways (Han et al. 2013; Ma 2010) . However, the evidence to date cannot rule out the possibility that pruritogen-and algogen-responsive spinal neurons signal itch at low and pain at higher firing frequencies, as predicted by the intensity theory. In this case, neurons should respond at a higher firing rate to algogens than pruritogens, as has been reported for nearly all pruritogen-responsive spinal and trigeminal dorsal horn neurons recorded to date (Akiyama et al. 2009a (Akiyama et al. , 2009b (Akiyama et al. , 2010 Davidson et al. 2007 Davidson et al. , 2012 Klein et al. 2011; Moser and Giesler 2014; Simone et al. 2004 ). Our Fig. 3 . Responses to additional stimuli of units isolated with a bombesin search strategy (format as in Fig. 1) . Fig. 4 . Summary. Venn diagram shows considerable overlap of pruritogensensitive (white circle) with algogen-sensitive (black circle) neurons and of bombesin-sensitive (gray circle) with pruritogen-sensitive neurons. We propose that itch is signaled by the pruritogen (and largely bombesin)-sensitive neurons, while pain is signaled by a larger population of pruritogen-insensitive but algogen-sensitive neurons (see text). present data are consistent with this, in that algogen-evoked responses were consistently larger compared with those evoked by bombesin or chloroquine (Figs. 1 and 3) .
We hypothesized that neurons responsive to pruritogens and spinal superfusion of bombesin signal itch. Bombesin excites spinal neurons expressing GRPR, which were previously reported to be important for spinal itch signaling (Akiyama et al. 2013 (Akiyama et al. , 2014 Mishra and Hoon 2013; Sun et al. 2009; Sun and Chen 2007) . Bombesin acts at G protein-coupled receptors BB1 (Neuromedin B) and BB2 (GRPR) with a five-to sixfold greater preference for the latter (González et al. 2009; Jansen et al. 2008) . GRPR and Neuromedin B receptors selectively bind GRP and neuromedin B, respectively. IT injection of the neurotoxin bombesin-saporin selectively ablated GRPR-expressing spinal neurons without affecting neuromedin B receptor-expressing spinal neurons (Mishra and Hoon 2013; Sun et al. 2009 ). IT administration of bombesin or GRP elicited significant scratching behavior in mice, while neuromedin B was much less effective (Sukhtankar and Ko 2013) . Moreover, ablation of spinal GRPR-expressing neurons with bombesinsaporin reduced or abolished pruritogen-evoked scratching behavior (Mishra and Hoon 2013; Sun et al. 2009 ), in support of our rationale to use bombesin to excite GRPR-expressing spinal neurons postulated to signal itch. However, it was recently reported that the GRPR antagonist RC-3095 did not attenuate scratching behavior elicited by intracerebroventricular administration of bombesin in rats (Su and Ko 2011) . Moreover, scratching elicited by IT injection of GRP, but not bombesin, was attenuated by IT pretreatment with RC-3095 in NIH Swiss mice (Sukhtankar and Ko 2013) , suggesting that bombesin may act at an additional unidentified receptor in rats and this mouse strain. Despite this caveat, we believe that the concordance of pruritogen and bombesin sensitivity of spinal units is consistent with their proposed role in signaling itch.
In the present study we tested an array of pruritogens including chloroquine, which acts at MrgprA3 ), histamine, which acts at histamine H1 and H4 receptors (Bell et al. 2004 ), BAM8-22, which acts at MrgprC11 (Sikand et al. 2011; Wilson et al. 2011) , and SLIGRL, which acts at MrgprC11 and PAR-2 , as well as the algogens capsaicin, which acts at TRPV1 (Caterina et al. 1997) , and AITC, which acts at TRPA1 (Jordt et al. 2004; Story et al. 2003) . Most chloroquine-sensitive units responded to SLIGRL, about half responded to BAM8-22 and/or histamine, and most responded to AITC and/or capsaicin. Likewise, most bombesin-sensitive spinal units also responded to chloroquine, histamine, capsaicin, and AITC. The broadly tuned chemical responsiveness of the spinal units may reflect their afferent pruriceptor input. Microelectrode recordings from identified MrgprA3-expressing dorsal root ganglion (DRG) cells revealed that 78 -100% responded to chloroquine, histamine, BAM8-22, capsaicin, and cowhage (Han et al. 2013) . Moreover, Ͼ90% of MrgprA3-expressing DRG cells coexpressed MrgprC11 and appeared to synaptically contact GRPR-expressing neurons in the superficial dorsal horn (Han et al. 2013) , consistent with the present findings. Collectively, these findings indicate that GRPR-expressing spinal neurons receive afferent input from pruriceptors that coexpress a variety of different molecular receptors to account for their broadly tuned chemical sensitivity. Recent evidence supports a role for MrgprA3-expressing sensory afferents in itch sensation. In global TRPV1-knockout mice, TRPV1 was selectively expressed back into MrgprA3-expressing DRG cells. In these animals, ID cheek injection of capsaicin, which normally elicits painrelated forelimb wiping, instead elicited itch-related hindlimb scratching behavior, indicating that MrgprA3-expressing sensory neurons mediate itch regardless of their mode of activation (Han et al. 2013) .
A second successive ID injection of chloroquine elicited a mean response in dorsal horn units that was not significantly different from the first response. This is consistent with our report that successive ID injections of chloroquine (40 min apart) elicited equivalent numbers of scratch bouts (Akiyama et al. 2012c) . In contrast, spinal neuronal responses to superfusion of bombesin exhibited significant tachyphylaxis. This might be attributed to a long recovery cycle following internalization of the bound GRPR .
The exact spinal pathway mediating itch is currently under debate. Based on the presence of GRP mRNA and peptide within DRG cells, it has been suggested that GRP is released from the intraspinal terminals of pruriceptors to excite GRPRexpressing second-order spinal neurons in the superficial dorsal horn to signal itch (Liu et al. 2014; Sun et al. 2009 ). Alternatively, brain natriuretic peptide (BNP) has been implicated as a neuropeptide transmitter released from intraspinal terminals of pruriceptors (Mishra and Hoon 2013) . Two groups have reported that neurotoxic destruction of GRPR-expressing spinal neurons with bombesin-saporin reduced or abolished pruritogen-evoked scratching (Mishra and Hoon 2013; Sun et al. 2009 ). In the latter study (Mishra and Hoon 2013) , pruritogenevoked scratching was also reduced or abolished by neurotoxic ablation of spinal neurons expressing the BNP receptor Npra. However, IT administration of GRP in these animals still elicited normal scratching behavior, indicating that GRPRexpressing spinal neurons are downstream of Npra-expressing neurons. It is conceivable that GRPR-expressing spinal neurons may function as local excitatory interneurons (Fleming et al. 2012; Wang et al. 2013) .
Our group has obtained evidence that multiple neurotransmitters signal chloroquine-evoked itch (Akiyama et al. 2014) . We showed that combined IT administration of antagonists of GRPR (RC3095), NK-1 (L733060), and the glutamate AMPA receptor (CNQX) virtually abolished chloroquine-evoked spinal neuronal firing, and scratching behavior, while individual or dual antagonist administration was much less effective. Moreover, subpopulations of DRG cells shown by calcium imaging to respond to chloroquine also expressed GRP and/or substance P, and Ͼ80% coexpressed the vesicular glutamate transporter VGlut2 (Akiyama et al. 2013 (Akiyama et al. , 2014 . In contrast, histamine-evoked spinal neuronal activity, and scratching behavior, was abolished by IT administration of CNQX alone, implicating glutamate as the primary spinal neurotransmitter for histaminergic itch (Akiyama et al. 2014) . This is consistent with a report that C-fiber input to GRP-responsive spinal neurons in rats was abolished by CNQX (Koga et al. 2011 ). Our present findings support a role for spinal bombesinsensitive neurons in the transmission of nonhistaminergic itch, although our approach cannot distinguish whether the pruritogen-sensitive spinal neurons receive direct synaptic input from GRP-containing primary afferent terminals or from secondorder excitatory interneurons.
